Abstract: A rhyolite in the Hemlock Formation, a mostly bimodal submarine volcanic deposit that is laterally correlative with the Negaunee Iron-formation, yields a sensitive high-resolution ion microprobe (SHRIMP) U-Pb zircon age of 1874 ± 9 Ma, but also contains inherited Archean zircons as old as 3.8 Ga. This precise age determination for the classic Paleoproterozoic stratigraphic sequence of northern Michigan, the Marquette Range Supergroup (MRS), necessitates modification of previous depositional and tectonic models. Our new data indicate that the Menominee Group, previously ascribed to continental rifting during early, pre-collision phases of the Penokean orogenic cycle, is coeval with arc-related volcanic rocks now preserved as accreted terranes immediately to the south and is more aptly interpreted as a foredeep deposit. We interpret these to be second-order basins created by oblique subduction of the continental margin rather than basins formed on a rifting margin. Along with a recently reported age for the Gunflint Formation in Ontario of 1878 ± 2 Ma, our data suggest that an extensive foredeep in the western Lake Superior region was the locus of iron-formation deposition during arc accretion from the south. Further, we interpret the lower MRS (Chocolay Group), a glaciogenic and shallow-marine succession that lies atop Archean basement, to be equivalent to the upper part of the Huronian Supergroup of Ontario and to represent the original continental rifting and passive-margin phase of the Penokean cycle. The upper MRS (Baraga Group) represents deeper marine basins, dominated by turbidites and lesser volcanic rocks, resulting from increased subsidence and continued collision. A stitching pluton, which cuts correlatives of the Hemlock Formation in a thrust sheet, yielded a U-Pb zircon age of 1833 ± 6 Ma, consistent with other post-tectonic plutons in Wisconsin and northern Michigan, indicating that Penokean convergence lasted no longer than -40 million years.
Introduction
The Marquette Range Supergroup (MRS) is a Paleoproterozoic continental margin assemblage that lies unconformably upon the southern margin of the Archean Superior craton in northern Michigan and Wisconsin (Fig. 1) . The MRS and the broadly correlative Animikie, North Range, and Mille Lacs Groups in Minnesota and western Ontario form the foreland of the Penokean orogen, a -1300 km long fold-and-thrust belt. The foreland sequences are dominantly epiclastic rocks, with subordinate volcanic rocks and hypabyssal intrusions that are more abundant in the southern part of the foldbelt. The Penokean foreland contains the classic Lake Superior iron ranges ( Fig. 1) . Studies over the past 150 years have centered on the geology of individual iron ranges and a detailed stratigraphic succession has been developed for each with the aid of abundant data from mines and exploration drilling. The correlation of stratigraphy between ranges has been controversial through to the present day. Incomplete preservation of the Paleoproterozic strata and the widespread blanket of Pleistocene glacial deposits that covers most of the region makes direct physical tracing of units between iron ranges difficult or impossible. A recent summary of the stratigraphy of individual sequences and their correlation is presented in Ojakangas et al. (2001) .
A widely held interpretation of the MRS (see Ojakangas et al. 2001 for a detailed synthesis) is that it records a progression from intracratonic sedimentation (Chocolay Group) through an Atlantic-style continental rifting and passive-margin stage (Menominee Group) into a foredeep phase (Baraga Group). Foredeep deposition along the southern Superior margin was noted by Hoffman (1987) and Barovich et al. (1989) . More recently, it was alternatively proposed that this succession instead developed in a back-arc basin (Hemming et al. 1995; Van Wyck and Johnson 1997) . For paleogeographic and geodynamic interpretations (e.g., Karlstrom et al. 2001) , it is critical to distinguish foredeep sequences from underlying passive-margin and initial-rift sequences (Hoffman 1987) .
The MRS is bounded on the south by Paleoproterozoic volcano-plutonic, arc-related orogenic rocks of the Wisconsin Magmatic Terranes (WMT), assembled, at least in part, on rifted or dismembered Archean crust (Van Wyck and Johnson 1997) . The orogenic system evolved from southward subduction of oceanic crust carrying the Superior plate beneath the microcontinent -island-arc complex. Initial Penokean subduction generated a northerly 1889-1860 Ma volcanic arc (Sims et al. 1992) . The oldest volcanic cycles produced tholeiitic basalts and basaltic andesites that are compositionally similar to modern-day island-arc and ophiolitic basalts . Presumably younger, the calc-alkaline volcanic rocks range in composition from andesite to rhyolite (Sims and Carter 1993) . Arc volcanism was accompanied by syntectonic intrusions of tonalite and granodiorite, derived, in part, by partial melting of mantlederived basalts .
The Niagara fault ( Fig. 1) is generally accepted as the preserved suture between the epicontinental rocks of the MRS and the accreted arc terranes to the south. The Penokean orogeny (1875 ( -1835 Van Schmus 1976 , 1980 ) is generally attributed to accretion of the Wisconsin arc terrane to the Superior craton. Along this continental margin, the collision produced a foredeep and fold-and-thrust belt that involved Archean basement rocks (e.g., Klasner and Sims 1993) and the formation of gneiss domes (e.g., Schneider et al. 1996) .
In marked contrast to the WMT, the tectonic setting and age relations among rocks of the MRS have been less well constrained. Prior to this study, the only published chronostratigraphic limits for the Paleoproterozoic sedimentary units in Michigan and Wisconsin were based on multigrain zircon U-Pb techniques that likely included populations of Archean zircons inherited from subjacent basement. Menominee Group chronostratigraphy was constrained by an age from an interbedded felsic volcanic rock from the Hemlock Formation, which yielded a U-Pb zircon age of 1910 ± 10 Ma (Banks and Van Schmus 1972, cited in Van Schmus and Bickford 1981) . Klasner et al. (1989) suggested that sedimentation of the Baraga was underway by 1929 ± 17 Ma on the basis of 207 Pb/ 206 Pb ages of pebble-size clasts of apatite. A zircon date of 1852 ± 6 Ma ) from a biotite-grade sample of schist from the Baraga Group was interpreted to be the time of cessation of MRS sedimentation, following collision of arc-related rocks of the WMT along the suture zone now marked by the Niagara fault. Chronologic constraints also exist for correlative rocks of the Animikie and North Range Groups in Minnesota, but are based on K-Ar and Rb-Sr mineral ages (e.g., Keighin et al. 1972 ) that probably record much younger post-orogenic tectonic events. Because of the methodology employed in the older U-Pb analyses (i.e., multigrain zircon populations) and the extent to which K-Ar and Rb-Sr ages could have been overprinted during posttectonic evolution , the significance of these ages for constraining the depositional age of the MRS and correlative rocks must be questioned. Although these determinations provided some limits on the age of the MRS, they did not provide adequate precision to correlate stratigraphic sequences with specific tectonic events.
The age reported here for the Hemlock Formation is the first precise U-Pb age for a depositional unit within the MRS and necessitates a reinterpretation of tectonic models for the depositional setting of the supergroup, especially the major Superior-type iron formations and contemporaneous bimodal volcanic rocks. We suggest a new model, in which oblique Penokean subduction formed a complex foredeep north of the Niagara fault zone containing localized extensional features that focussed deposition of volcanic rocks and iron formations. The new date, along with a recently reported age for the Gunflint Formation in Ontario (Fralik et al. 1998) , favors the traditional view of contemporaneous deposition of Lake Superior iron formations and verifies that significant magmatism can be generated within continental crust in Paleoproterozoic compressional foredeeps, as originally proposed by Hoffman (1987) .
General geology
The Paleoproterozoic supracrustal succession in northern Michigan and Wisconsin is called the Marquette Range Supergroup (Cannon and Gair 1970) and comprises, in ascending stratigraphic order, the Chocolay, Menominee, Baraga, and Paint River groups (Fig. 2) . Stratigraphic and sedimentological details can be found in Klasner et al. (1991) , Sims and Carter (1993) , and Ojakangas et al. (2001) . In the following summary, we highlight those characteristics most relevant to later discussions. The oldest group, the Chocolay, is composed of basal glaciogenic sediments overlain conformably by shallow-water arenites, orthoquartzites, and dolomites (Gair 1981) . Gair (1981) and Young (1983) suggested that the glaciogenic deposits could be correlated with the Gowganda Formation in Ontario, which lies within the upper part of the 2.4-2.2 Ga Huronian Supergroup. A minimum age for the Huronian is established by the crosscutting -2200 Ma Nipissing diabase (Corfu and Andrews 1986) . If the correlation for the lower part of the Chocolay with the Gowganda is correct, it would indicate that the Chocolay is likely older than -2200 Ma.
Lying unconformably on the Chocolay is the Menominee Group which contains some of the largest deposits of iron ore in the region and is well exposed in the eastern Penokean orogen along the margins of Archean basement uplifts (Fig. 1) . Menominee sedimentation began with regional accumulation of intercalated quartz arenite and argillite. Along the uplifts, isolated structural basins, possibly grabens (Cambray et al. 1991) , dissect the initial Menominee deposits and contain iron-rich strata. Ironformation sedimentation was accompanied locally by subaqueous eruption of interbedded basaltic and felsic volcanic rocks. The basalts have geochemical signatures similar to modern-day within-plate continental tholeiites (Ueng et al. 1988) . Previous workers suggested that the Menominee Group developed in a regional extensional regime (e.g., Schulz et al. 1993) .
Unconformably above the Menominee Group is the Baraga Group, which consists of quartzites grading upward into a thick, turbiditic graywacke-shale sequence that includes the several-kilometre-thick Michigamme Formation. A few volcanic and iron-formation members are interlayered within the Baraga Group. Nd isotopic studies indicate that quartzites in the lower part of the Michigamme Formation were derived from an Archean crustal source (Barovich et al. 1989) . In contrast, graywacke from the upper part of the Michigamme Formation was derived from the WMT, as the island arc was accreted to the continental margin (Barovich et al. 1989) . Correlatives of the Michigamme Formation in Minnesota are the Virginia and Thomson formations, which are also composed of deep-water turbidite-shale units largely derived from Paleoproterozoic source rocks (Hemming et al. 1995) . Sims (1990) suggested that the Paint River Group, formerly considered the youngest stratigraphic unit of the MRS, is an allochthonous sequence thrust over, and possibly the stratigraphic equivalent of, the Baraga Group (Fig. 2) . The lower part of the allochthon, the Badwater Greenstone, may be correlative with the Hemlock Formation of the Menominee Group.
Since at least the early work of James (1954) , the MRS has been modeled as evolving from a "stable-shelf" environment, represented by the Chocolay and lower Menominee Groups, to a "geosynclinal" assemblage, represented by the Baraga Group. Contending models for the Baraga Group include a foredeep deposit, formed during collision of the Archean craton with volcanic arcs in a south-facing subduction zone (e.g., Hoffman 1987; Barovich et al. 1989) or a back-arc basin deposit formed behind a north-facing subduction zone (Hemming et al. 1995; Van Wyck and Johnson 1997) . Regardless of these interpretations, the deposition of continental tholeiitic basalts and coeval rhyolites and iron formations of the Menominee Group within minor faultbounded troughs indicates that some degree of extension of the Archean basement was occurring during this phase of MRS deposition (Ueng et al. 1988; Schulz et al. 1993) .
Sample description and geochemistry
In an effort to constrain the age of the middle units of the Marquette Range Supergroup, and what arguably may represent the "transition from extension to compressional stresses" (Sims and Carter 1993, p. 43) , a suite of samples was collected in northern Michigan from both mafic and felsic volcanic units. Zircons were recovered from two felsic volcanic and one granitic rock samples. Geochemical analyses for these samples are presented in Table 1 and Fig. 3 .
Two samples from the Hemlock Formation were processed to separate zircons and to obtain major and trace element compositions. MI-99-2 is a foliated, plagioclase phenocryst-rich rhyolite that interfingers with banded iron formation of the Negaunee -Fence River Formation. The sample consists of a fine-grained groundmass composed of quartz, potassium-feldspar, plagioclase, biotite, and muscovite, with accessory zircon and opaques. The rock has a strong foliation, mostly defined by orientation of biotite. Plagioclase also occurs as aggregates up to 3 mm in diameter, whereas quartz occurs as somewhat rounded to ovoid grains up to 2 mm in diameter. We interpret these megacrysts as relict phenocrysts. Other ellipsoidal aggregates of plagioclase, quartz, and micas are up to 5 mm in length and may be relicts of pumice fragments. The second sample is MI-99-3, a blue-quartz-phyric rhyolite. The sample consists of a fine-grained foliated matrix of quartz and feldspar, in which the feldspar component is strongly altered to clay and sericite. Biotite was not observed, but minor opaques occur; zircon and apatite are also accessory minerals. Blue-quartz grains, presumably originally phenocrysts, are euhedral to rounded and 1 to 2 mm in diameter. Elongate Note: Major elements listed as wt.%; trace elements listed as ppm. Samples MI-99-2, MI-99-3, and MI-99-4 were analyzed by Activation Laboratories Ltd., Anacaster, Ontario using inductively coupled plasma -mass spectrometry (ICP-MS) and lithium metaborate-tetratborate fusion procedure. Samples 802-1 and Z515-7A were previously analyzed by the U.S. Geological Survey using XRF and INAA techniques (Baedecker 1987 masses of sericite that are ellipsoidal, up to 1 cm long, and have flame-like ends are probably relicts of flattened pumice fragments. Both samples are characterized by high SiO 2 , low Al 2 O 3 , and relatively high total Fe (Table 1) , and are chemically and mineralogically metarhyolites. Variable alkali contents probably reflect secondary mobility during alteration and greenschist-facies metamorphism. Their trace elemental composition are characterized by high Th, U, and light rareearth element (LREE) contents, and relatively steep negative REE slopes, small negative Eu anomalies (Table 1) , and negative Ta, Nb, P, and Ti anomalies on a chondrite-normalized diagram (Fig. 3a) . The samples plot in the within-plate granite field on the tectonic discrimination diagrams of Pearce et al. (1984) and have the general compositional characteristics of A 2 -type felsic magmas (i.e., derived from continental crust or underplated crust) defined by Eby (1992) . An origin involving melting of Archean basement is supported by the presence of abundant Archean zircon xenocrysts in the rhyolite samples (see later in the text).
The undeformed Tobin Lake quartz monzonite cuts the strongly deformed rocks of the Paint River Group. Our sample, MI-99-4, is medium-grained (2-3 mm average grain size) and consists of altered plagioclase, microcline, quartz, and somewhat chloritized biotite, with accessory apatite, titanite, and zircon. The rock is hypidiomorphic-granular, with strongly saussuritized, euhedral plagioclase grains intergrown with anhedral microcline and quartz. This sample, and two other analyzed samples of the same pluton are peraluminous (molar Al 2 O 3 /(CaO + Na 2 O + K 2 O) = 1.14-1.29) and corundum normative with low SiO 2 and high K 2 O contents (Table 1 ). The trace elements are characterized by relatively high Cr, Ni, Ba, Th, and LREE contents, steep negative REE patterns with only small negative Eu anomalies (Table 1) , and negative Ta, Nb, P, and Ti anomalies on a chondrite-normalized diagram (Fig. 3b) . The sample plots in the field for volcanic-arc-related felsic rocks on the tectonic discrimination diagrams of Pearce et al. (1984) . The peraluminous character of the Tobin Lake quartz monzonite and compositional similarity to graywacke-slate units within the Paint River Group (K.J. Schulz, unpublished data) suggest that it was derived by either partial melting and (or) assimilation of sedimentary rocks within the MRS.
U-Pb geochronology
Zircons were separated from the samples by standard methods of crushing, grinding, Wilfley table, and heavy liquid techniques, and analyzed by sensitive high-resolution ion microprobe (SHRIMP II) U-Pb geochronology at the Geological Survey of Canada, Ottawa (GSC). Internal zircon grain structures were imaged by cathodoluminescence and electron backscatter detectors with a Cambridge Instruments S360 SEM (scanning electron microscope), also at the GSC. This technique allowed us to identify older (Archean) xenocrystic cores within the zircons, and either avoid or date them separately from the magmatic populations. Single-grain, spot U-Pb ages were measured following the analytical methods described by Stern (1997) . Analyses were carried out with a primary O -ion beam of -4 nA, focussed to a spot ellipse effecting a sputter diameter of about 13 × 18 µm. Mass resolution was -5100. Ages were determined relative to zircon standard BR266 (559 Ma). Uncertainty in the Pb/U ratios resulting from empirical calibration of the standard was 1.5%. Errors on individual zircon spot ages are reported in Table 2 at the 1σ level; weighted mean ages quoted in the text, however, are presented at the 95% level of confidence (2σ) on the basis of the 207 Pb/ 206 Pb isotopic ratios. Thompson et al. (1983) . Note change in scale between Fig. 3a and 3b . (c) Nb-Y discrimination diagrams for granites (after Pearce et al. 1984) showing the fields of volcanic-arc granites (VAG), syn-collisional granites (syn-COLG), within-plate granites (WPG) and oceanridge granites (ORG). Triangles represent data from the Hemlock rhyolite samples; diamonds represent data from the Tobin Lake pluton samples.
While both of the rhyolite samples from the Hemlock Formation contained abundant Archean xenocrystic zircon, only MI-99-2 yielded Paleoproterozoic dates ( (Table 2) . Because the stratigraphic position of this unit clearly indicates that it is Paleoproterozoic, the zircons analyzed are all interpreted as xenocrysts. Sample MI-2, however, yielded a weighted average 207 Pb/ 206 Pb age for 8 spots on 6 euhedral, 200 × 50 micron, brown zircons = 1874 ± 9 Ma (MSWD (mean square of weighted deviates) = 0.87; Fig. 4A ). This rhyolite also contained Archean xenocrysts with ages ranging from about 2600-2800 Ma; one grain, however, yielded an array of discordant age data whose upper intercept is 3849 ± 75 Ma (MSWD = 0.18; Table 2 , but not shown in Fig. 4A ). These zircons were presumably inherited from Archean crustal sources, from which rhyolitic magmas were derived or with which they interacted during ascent. The extreme age of 3.8 Ga suggests derivation from rocks correlative with rocks of the Minnesota River Valley terrane (Goldich and Hedge 1974) or the Watersmeet dome (Peterman et al. 1986; Kinny et al. 1991) .
The undeformed Tobin Lake quartz monzonite yielded a weighted average 207 Pb/ 206 Pb age for 9 spots on 9 zircon grains of 1833 ± 6 Ma (MSWD = 1.5; Fig. 4B ), placing a younger age constraint on the deposition of the Marquette Range Supergroup, as well as cessation of Penokean-related collision. The absence of Archean xenocrysts and the composition of similar alkali-granites within the Penokean suggest derivation from juvenile sources (Van Wyck and Johnson 1997).
Discussion

Iron-formation correlation
The western Lake Superior region has long been known (and is the type region) for Superior-type iron formationsextensive cherty iron deposits interbedded with mostly clastic sedimentary rocks deposited on continental basement. The region contains seven principal iron ranges (Fig. 1, inset) , as well as additional lesser iron-formation units, particularly in northern Michigan and immediately adjacent parts of Wisconsin. Traditionally (e.g., Van Hise and Leith 1911), the major iron formations were considered to represent a widespread, coeval interval of iron deposition. Since the late 1980s, various alternative correlations have been proposed, in which individual ranges were interpreted to have unique and not entirely correlative stratigraphic sequences and hence somewhat diverse ages (e.g., Morey and Van Schmus 1988; Morey and Southwick 1991; Ojakangas et al. 2001 ). However, the data presented here, and a recently published age for the Gunflint Formation in western Ontario, suggest that lateral equivalence of the major iron formations is still a viable interpretation and, in fact, is consistent with the best available geochronologic data. Fralick et al. (1998) reported a preliminary concordant U-Pb zircon age of 1878 ± 2 Ma for a lapilli tuff interbedded with siliciclastic rocks in the Gunflint Formation, which have been correlated with the Hemlock and Emperor volcanics in Michigan. Our age of 1874 ± 9 Ma for the Hemlock Formation is analytically indistinguishable from the Gunflint age, and shows that ironbearing sequences at opposite ends of the Penokean foreland are essentially coeval within analytical uncertainty.
The stratigraphic position of the Hemlock Formation is central to our interpretation that the 1874 Ma age dates the deposition of the major iron formations in northern Michigan. The Hemlock Formation and overlying Amasa Formation, a banded iron formation, were first described and named by Clements and Smyth (1899) and were correlated with the Negaunee Iron-formation of the Marquette Iron Range. Much later, the correlation was changed and the Hemlock and Amasa Formations were placed in the slightly younger Baraga Group on the basis of interpretation of local lithologic details (Gair and Wier 1956) . That revised correlation was modified by Cannon (1986) who returned to the original interpretation that the Hemlock and Amasa formations are correlative with the Negaunee Iron-formation and other major iron formations of northern Michigan. This interpretation is consistent with regional relationships, especially in the eastern Gogebic Iron Range, where a clear lateral equivalence of the principal iron formation of the range, the Ironwood Iron-formation, and an extensive volcanic unit, the Emperor Volcanic Complex, have been established by detailed mapping (Trent 1973; Klasner et al. 1998) . Relationships in these areas are especially significant in demonstrating that Lake Superior-type iron formations can pass laterally into volcanic rocks over distances of only a few kilometres.
The lateral equivalence of the Hemlock-Amasa units and the Negaunee Iron-formation cannot be demonstrated as unequivocally as that of the Ironwood and Emperor units because of intervening structures and poorly exposed areas. The correlation, however, is well grounded in the spatial distribution of units and their relationship to regional unconformities. In the Marquette Iron Range, the Negaunee Ironformation is devoid of volcanic rocks, although mafic sills are extensive. The western limit of directly traceable Negaunee Iron-formation is the tight synclinal structure, from which we have derived our age determination (Cannon and Klasner 1976) . On the east limb of that structure, a typical Marquette Range stratigraphic section, in which the Negaunee Iron-formation lies on a quartzite-argillite sequence that in turn lies on Archean basement, is well documented by exploration drilling and limited bedrock exposures. On the western limb, the Hemlock Formation lies directly on Archean basement and is overlain by a thin iron formation, known as the Fence River Formation. Although Cannon and Klasner (1976) originally inferred the Hemlock Formation to be unconformably above the Negaunee, we now interpret that within this syncline a rapid lateral transition occurs, analogous to the eastern Gogebic Range, in which the major iron-bearing unit (Negaunee) passes laterally into a volcanic sequence with lesser iron formation (Hemlock). This interpretation is consistent with the revised regional correlation of Cannon (1986) . Farther west, the Hemlock Formation attains much greater thickness and the interbedded iron formation, as well as the superjacent iron formation, the Amasa, are the lateral equivalent of both the Negaunee and Fence River iron-formations (Cannon 1986 ).
In the Marquette Iron Range, the Negaunee Ironformation, and other metasedimentary rocks of the Menominee Group lie unconformably on dolomite and quartzite of the Chocolay Group and are overlain unconformably by conglomerate and graywacke of the Baraga Group. In the area of our study, the Hemlock and Amasa Formations occupy the same stratigraphic position between these unconformities. The Hemlock Formation lies either on dolomite of the Chocolay Group or directly on Archean basement gneiss. Although exposed only in now-abandoned mines, an unconformity between the Amasa Formation and overlying Baraga Group has been documented (Leith et al. 1935) . Thus, the age equivalence of the Hemlock Formation and the Negaunee Iron-formation seems highly likely, and we propose that the age for the Hemlock Formation reported here is also the age of the Negaunee Iron-formation.
Although our data confirm that two geographically separated iron formations of the Lake Superior region are essentially contemporaneous, the correlation of these units with other iron formations of the region must remain interpretive pending acquisition of precise age determinations from each iron range. Because each iron range displays some variations in lithostratigraphy, and because they are physically isolated from each other, a direct tracing of stratigraphic continuity of iron-bearing sequences is not possible and a variety of interpretations is permissible.
Stratigraphic relationships within 14 different iron-bearing regions, and proposed correlations between regions, was recently presented by Ojakangas et al. (2001) . Perhaps the most unifying feature of the somewhat diverse stratigraphic Note: Uncertainties reported at 1σ (absolute) and are calculated by numerical propagation of all known sources of error, and data corrected according to procedures outlined in Stern (1997) sequences is the widespread occurrence of a thick sequence of turbidites forming the youngest stratigraphic units. These turbidites, variously called the Michigamme, Copps, and Tyler formations in Michigan and Wisconsin, and the Virginia, Thomson, and Rove formations in Minnesota and Ontario, are widely accepted as deposits of a compressional foreland basin. These units all lie with conformable, disconformable, or low-angle unconformable relationships on the major ironbearing sequences, indicating that the iron-bearing sequences are only slightly older than the onset of turbidite deposition. This relationship argues for the near contemporaneity of the iron formations, although some uncertainty and disagreement still exists on precise correlations between individual areas.
The correlation of the Gunflint with the Biwabik Ironformation of the Mesabi Range in Minnesota has long been accepted because the two ranges are essentially along strike and separated from each other by only about 70 km, where Mesoproterozoic intrusive rocks of the Duluth complex interrupt their common trend. Furthermore, a correlation of the Biwabik Iron-formation of the Mesabi Range with the Ironwood Iron-formation of the Gogebic Range has been proposed by many (e.g., Morey 1983) based on close lithologic similarity of the two formations and their enclosing strata. Although some recent interpretations (Morey 1996; Ojakangas et al. 2001 ) place the Negaunee Iron-formation stratigraphically below the Ironwood-Biwabik-Gunflint units and separated from them by an unconformity, our age determination indicates that the Negaunee Iron-formation is, likewise, correlative with these other three formations.
Hence at least four of the major iron formations appear to be correlative.
Tectonic implications
Previous models of diachronous iron-formation deposition inferred the Negaunee Iron-formation and Hemlock Formation were older than the Biwabik-Ironwood units. As discussed earlier in the text, this led to an interpretation that the Negaunee was deposited on a rifted continental margin accompanied by rift volcanism and sea-floor spreading (i.e., rifted Atlantic margin; Ueng et al. 1988; Schulz et al. 1993; Ojakangas et al. 2001) . Rifting and speading in these models occurred after intracratonic sedimentation but before the Ironwood-Biwabik period, which were subsequent products of younger foreland basin development during arc accretion. Based on the regional depositional succession and our new age constraints for the Hemlock Formation (and its correlation with the major iron formations), it is evident that Negaunee and Hemlock deposition was contemporaneous with island-arc volcanism to the south. Therefore, the need for, and validity of, wholesale continental rifting and eventual sea-floor spreading during Menominee Group deposition is called into question. These sequences are now most appropriately interpreted as products of foreland basin sedimentation, which is consistent with that originally outlined by Hoffman (1987) , in which iron formations form in foredeeps, particularly along outer ramps, and are approximately synchronous with significant volcanism.
New geochronologic data presented here and in Fralick et al. (1998) Ojakangas et al. (2001) . Accommodating these constraints, we outline a revised tectonic framework for Marquette Range Supergroup deposition. We agree with previous interpretations of the lower Chocolay Group, which correlate the glaciogenic deposits with the pre-Nipissing diabase (>2.2 Ga) upper Huronian units (Gair 1981; Young 1983) . We then envision a longlived shallow-marine environment on the margin of the Superior craton, within which were deposited mature sandstones, carbonates, and graywackes (now metamorphosed) of the upper Chocolay Group. This passive-margin suite and the associated overlying unconformity may represent >300 million years of relative tectonic quiescence prior to Penokean subduction and collision. As the northern arc of the Wisconsin Magmatic Terranes formed to the south, beginning about 1890 Ma (Barovich et al. 1989) , the depositional setting along the Superior margin became influenced by the initiation of southward directed subduction and arc development.
The previous interpretation that portions, if not all, of the Menominee Group were deposited in an extensional setting is well supported by discussions presented here. The geochemistry of interbedded rhyolites and the bimodal character of the volcanic units indicate that they were formed in an extending continental environment. Syn-extensional deposition is further supported by the presence of these volcanic suites within minor fault-bounded troughs. These data and observations, combined with the age data presented here and from Fralick et al. (1998) , suggest that this extension-related rhyolitic volcanism, occurring north of the Niagara fault zone, was synchronous with compression on or south of the fault zone as the Wisconsin magmatic arcs were developing and being obliquely accreted to the craton margin.
It is important to distinguish this collision-induced extension in the downgoing plate from major extensional rifting and sea-floor spreading during continental breakup, which apparently occurred several hundred million years prior to Menominee Group deposition. The extension we invoke involves minor fault-bounded troughs dissecting only the thin veneer of supracrustal units atop Archean basement. Menominee sedimentation apparently was accompanied by extension generated on the craton margin by otherwise compressive stresses along the subducting margin. The development of continental extension during plate convergence has been documented in several other orogens (Ellis 1986; Ellis and Watkinson 1987; Dostal et al. 1988; Malo et al. 1995) . Extension during initial collision is caused by (1) oblique subduction in which deformation in the downgoing footwall produces major extension subparallel to the length of the orogen (Ellis and Watkinson 1987) and (or) (2) collision along an irregular plate margin (Malo et al. 1995) . Oblique Penokean subduction, as proposed by Holm et al. (1988) on the basis of structural analysis of Paleoproterozoic supracrustal rocks in Minnesota and aeromagnetic surveys of the Lake Superior Archean margin that strongly suggest a salient-reentrant geometry (Chandler and Southwick, personal communication, 2001) , both yield plausible mechanisms for syn-collision extension.
Based on the trend and arcuate shape of thrust structures in Minnesota (cf. Macedo and Marshak 1999), the inherited irregular Archean margin, and the oblique subduction model for the Penokean of Holm et al. (1988) , we suggest that during Penokean orogenesis the initial collision-related northnothwest emplacement of thrust nappes in Minnesota was coeval with early dextral motion along the Niagara fault in Michigan and Wisconsin (Fig. 5) . In this transfer zone of oblique motion in Michigan and Wisconsin, a phenomenon related to continental extrusion occurred where crust of irregular shape, thickness, and density collided (i.e., young, warm island-arc rocks converging with rigid Archean basement). Specifically, parts of the southern Superior plate were extruded eastward as the Wisconsin Magmatic Terranes proceeded northwestward. Extrusion produced a complex basin system consisting of several individual sub-basins, orthogonal to collision, and separated by relatively shallow basement blocks (cf. Einsele 2000) . These sub-basins exhibit features formed in rift, retroarc, and pull-apart basins: uplifted and downdropped crustal blocks, predominantly clastic sediments derived from nearby highlands, and effects of felsic and alkali basaltic volcanism. The bimodal volcanic sequences of the Hemlock and Emperor formations were probably erupted in these extensional troughs, which also accumulated sediments of the Negaunee and related iron formations and other siliciclastic deposits (now quartzites and slates). Notably, in the eastern Penokean of Michigan and Wisconsin (Fig. 1) , extrusion basin occurrence is pronounced due to a >45°trend-change in the Niagara fault.
Synchronous with extrusion basin volcanism ca. 1875 Ma, the Wisconsin Magmatic Terranes maintained growth and convergence, as shown by arc volcanism in the northern arc ca. 1889-1860 Ma. Continental convergence typically leads to eventual deposition of thick marine sediments along the subducting plate margin resulting from rapid subsidence (Einsele 2000) and characterized by deep-water muds and turbidites. Rocks of the Baraga and Animikie Groups (e.g., Michigamme and Virginia formations) are the result of this phase of foredeep sedimentation in the Lake Superior region. These foredeep deposits were derived initially from the northern craton (Archean Superior Province) and later from the approaching highlands of the WMT. The source change is signaled by a Nd signature change seen in the lower to upper Baraga and Animikie Group sediments (Barovich et al. 1989; Hemming et al. 1995) .
Deposition of the Marquette Range Supergroup culminated with orogen-normal arc collision in Michigan and Wisconsin at ca. 1875 -1860 Ma (Van Schmus 1976 , 1980 . The crystallization age of the Tobin Lake pluton reported here is similar to other reported post-tectonic stitching plutons in Michigan and northern Wisconsin (Sims et al. 1985) . Numerous dates on undeformed granites, some of which pierce the Niagara fault zone, suggest that arc-related collision and accretion with the Superior Province during the Penokean orogeny had ceased by -1835 Ma. We can now confidently state that convergence during the Penokean orogeny, at least as it is affected by the Wisconsin Magmatic Terrane, had begun by ca. 1875 Ma and was completed by 1835 Ma.
Conclusions
We have attempted to correlate major iron formations of the Marquette Range Supergroup and constrain their age of deposition. Our data support the original interpretations of Hoffman (1987) , which suggested contemporaneous deposition of Proterozoic iron formations and indicates that significant amounts of magmatism can be generated within continental crust in compressional foredeeps. Our model invokes oblique Penokean subduction producing fault-bounded sub-basins in the subordinate plate. Further, the model is simpler than those currently advanced, which invoke crustalscale rifting and sea-floor spreading 10 million years before arc collision (Ueng et al. 1988; Barovich et al. 1989; Schulz et al. 1993; Ojakangas et al. 2001) . The regionally extensive development of rhyolitic sequences and the agreement of our rhyolite age with that in the Gunflint Range of Fralick et al. (1998) in western Ontario demonstrate the considerable extent of extrusion basin growth across the Penokean foreland. We suggest that the ages of the rhyolite units most likely represent the commencement of extrusion basin development, typified by coeval extensional volcanism and sedimentation, and demonstrate that they are comparable with ages of subduction-related arc volcanism to the south.
This model for production of continental extrusion basins is similar to that of the Pannonian Basin of the Carpathians (e.g., Einsele 2000); we refrain from classifying these Penokean features as back-arc basins because of their positioning relative to the then-active arc. We emphasize that in our example, oblique convergence resulted in relatively minor extension of the upper Superior plate and produced only secondary basins with contemporaneous bimodal volcanism. We believe this model best explains the current understanding of geochronologic, structural, and stratigraphic data for the region, and demands further isotopic analyses.
